Ahstraet--Uranyl acetate solutions, ranging in concentration from about 100 ppm to 3700 ppm, were reacted with the Na-, K-, and Ca-forms of zeolite A. The crystalline products from the Na-and K-A zeolites resembled compreignacite (K~O-6UO3' l lH~O) and from the Ca-A, becquerelite (CaO'6UO3. l lH~O). With higher concentrations of uranyl acetate, only X-ray-amorphous products were obtained. The compreignacite-like products gave sharp X-ray powder diffraction patterns and were indexed with orthorhombic, quasi-hexagonal unit cells which showed a significant variation of the axial ratio b/a from values just greater than, to values just less than X/3. The becquerelite-like phase was always accompanied by unreacted zeolite. Compreignacite was synthesized from uranyl acetate and KOH solutions at room temperature over a period of several days.
INTRODUCTION
The adsorption of uranium from aqueous solutions by interaction with clay minerals is of considerable potential importance. Cation-exchange reactions between uranyl ions and interlayer cations in montmorillonite were studied by Tsunashima et al. (1981) . Montmorillonite showed a marked preference for UO~ 2+ ions over the monovalent ions Na t and K + in dilute solutions, but less preference than for the divalent ions Mg 2 § Ca 2+, and Ba 2 § Unpublished studies in this laboratory have shown that illites take up UO~ 2+ ions within the limits of their exchange capacities, and two zeolites, mordenite and clinoptilolite, show much smaller adsorptions of uranyl ions than their exchange capacities, probably because of the unfavorably large size of the hydrated uranyl ion; the small adsorptions observed could probably be attributed mainly to surface reactions. The disadvantage of a cation-exchange reaction for adsorbing uranyl ions from solution, particularly under natural conditions, is that such reactions are reversible; cations exchanged on to a clay under one set of conditions may be exchanged off the clay under other conditions.
Of greater potential interest are chemical reactions which give rise to new uranium-containing phases of greater stability than cation exchanged phases. From the interactions of uranyl ions in aqueous solutions with a synthetic faujasite (Na-Y, FAU) at 180~ Ho~evar et al. (1979) reported structural changes of the faujasite involving a "molecular stratification of the basic uranyl 1 Present address: Faculty of Mining and Geology, University of Belgrade, 11000 Belgrade, Yugoslavia.
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The present experiments are concerned with reactions at room temperature between uranyl ions in aqueous solutions and commercially available, synthetic zeolites of type A nominally saturated with Na t, K § and Ca 2+. The approximate pore dimensions of these zeolites are given by Breck (1974, p. 637) as 4/~, 3 A, and 4.5 /~, respectively. Our results show that chemical reactions occur leading to the development of products similar to the natural minerals compreignacite and becquerelite, respectively, K20-6UO3" 11H20 and Cat. 6UO3" 11H20. The data herein reported are concerned mainly with the products of these reactions; the detailed nature of the reactions will be the subject of further study.
EXPERIMENTAL

Materials
Three samples of synthetic zeolite A, saturated predominantly with Na t, K § and Ca 2+, were Supplied by the Alfa Division of Ventron Company as fine powders, <600 mesh particle size. X-ray powder diffraction patterns of these materials agreed closely with data given by Breck (1964, p. 353) and indicated an absence of detectable crystalline impurities. The powders were used in the form supplied, initially with the assumption that they were fully saturated with the stated cations. Subsequently the Na-form was confirmed to be fully Na-saturated, but the K-and Ca-forms were found to contain other cations. Chemical analyses by Dr. N. H. Suhr using emission spectroscopy following LiBO2 fusion and dissolution in 4% nitric acid gave the results 
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Analytical measurements
Measurements of uranium in solution were made using a Jarrell-Ash fluorimeter. Aliquots of solutions to be analyzed, either 1 or 2 ml, were dried in fiat Pt dishes and fused with a flux (45% Na2CO3, 45% K2CO3, 10% NaF) in a muffle furnace at 650~ for I0 rain. As many as twelve samples were prepared at the same time, including three or four standard samples prepared from uranyl acetate or uranyl nitrate solutions of known concentrations. Agreement between the fluorimeter data for solutions of the two uranyl salts was regarded as a useful check on their uranium contents.
Measurements of Na, K, and Ca ions in solution were made by atomic absorption analysis using a Perkin-E1-mer 403 instrument. Solid products were brought into solution by the lithium borate fusion technique (Medlin et al., 1964) .
Experimental procedures
Initial semiquantitative experiments showed that uranyl solutions interacted with these A-type zeolites with dissolution of the zeolites and formation of new phases. Experiments were then carded out with 50-mg samples of the zeolites and 30 ml of uranyl acetate solutions with a wide range of concentrations. The pH of the initial solutions was in the range 3.5-3.8. The reactants were placed in stoppered tubes and rotated end over end for four days. The solid products were centrifuged, washed with deionized water, dried in air, and examined by X-ray powder diffraction (XRD) (filtered CuKc~ radiation; scanning rate = l~ recording rate = 0.5 in/rain). The diffractometer was calibrated using a standard silicon powder disc. The adjustment of the instrument was such that deviations between observed and standard values of 20 for the silicon powder were <0.02 ~ . None of the products studied showed resolution of the CuKal-a2 doublet at 20 values up to 80 ~ After separation of the solid phases, the solutions from the Na-zeolite and K-zeolite were analyzed for U, Na, and K. Similar analyses for the Ca-zeolite solutions were not made, for reasons discussed below.
RESULTS
Nature of the reactions
Although the nature of the reactions will be considered in more detail in a subsequent studyl it seems likely that the uranyl acetate solutions, with pH values of 3.4--3.6 for solutions ranging from 1000 ppm U to 0.1 N, interacted with the finely powdered zeolites to develop pH values of the order of 6-8 by an exchange reaction of H § ions for the exchangeable Na § K § and Ca 2 § in the zeolites. Removal of these ions from solution by the slow formation of crystalline products enabled the primary reaction to continue. In other words, the zeolites acted as sources of slowly liberated cations which then developed the observed crystalline products. In the present report, emphasis is placed on the nature of these products.
Crystalline products
Na-and K-zeolite A developed crystalline phases related to the natural mineral compreignacite (I420-6UO3. l 1H20 ) studied by Protas (1964) . Table 2 summarizes the course of the reactions. With increasing concentrations of the uranyl acetate solutions, the amount of unreacted zeolite progressively diminished and the amount of crystalline product increased.
Between 748 and 1500 ppm U, the Na-zeolite product, labelled P(Na), was the only crystalline product obtained. Over the range 748-2800 ppm U, two similar K-zeolite products labelled PI(K) and P2(K) were obtained. With uranium concentrations in excess of 1500 ppm and 2800 ppm in the two series of reactions, only X-ray-amorphous phases were obtained.
The Ca-zeolite A behaved in a somewhat similar way. A crystalline product was obtained giving an XRD pattern similar to that of becquerelite, Cat. 6UOz-111-120. However, the product phase and the original Ca-zeolite were both present when less concentrated uranyl solutions were used, and both were decomposed in the more concentrated solutions. Consequently the product phase was never obtained alone.
Unit-cell parameters of product phases P(Na), PI(K), Pc(K)
The XRD data are reported in Appendix 17 They are similar to data by Protas (1964) for the mineral compreignacite but also show significant differences. Using single crystal data, Protas established the space group, Pnmn, and the orthorhombic cell parameters a = The axial ratio b/a = 1.699 is close to V~ = 1.732 and suggests a quasihexagonal structure. The departure of b/a from exactly V-3 causes a splitting of reflections, such as 20l, 13l, which would be single reflections from a truly hexagonal structure. Such a group of reflections comprises 20/, 13l, and 131, with the latter two coincident for the nonhexagonal structure and with I(13/, 13/) =2 • I(20l). Therefore, from the observed intensities, an index pair (13 l, 13/) can be distinguished from (20/).
Comparison of the present results with those of Protas showed that the splitting of such reflection pairs was in the opposite sense to that found for the natural compreignacite. Consequently, in the product phases P(Na), Pt(K), and P2(K), the axial ratio b/a must be slightly greater than V~ rather than slightly less.
To verify the unit-cell parameters of a wholly K-form of compreignacite, a uranyl acetate solution with 1000 ppm U was reacted at room temperature with a KOH solution with 50 ppm K. The atom ratio K/U, 0.305, is near that of compreignacite. The reaction was slow but after four days at 20~ a small amount of well-crystallized compreignacite was obtained. The XRD data for this material fully confirmed the data of Protas, particularly as regards the intensities of the closely spaced reflection pairs.
Unit-cell parameters were obtained as follows: The 001 reflections, l = 2, 4, 6, 8, were recognized easily, 002 being the strongest reflection recorded and having the highest d-spacing. Even orders were assumed in accordance with the results of Protas (1964) . Closely spaced pairs of reflections were indexed as 20/, 13l pairs with l = 0, 2, 4, and the stronger reflection was indexed as 13l, 131, and the weaker as 20l (Figure 1 ). For the phases P(Na) and P2(K), the stronger reflection of each Preliminary unit-cell parameters were obtained, c from the 001 reflections, a from the 20/reflections, and b from the 13/reflections. With these data, the powder patterns were indexed with little ambiguity. Refined parameters were derived using the Appleman et al. 
Chemical data for product phases P(Na), PI(K), Pe(K)
The data in Table 2 show the chemical variations in the sequence of reactions studied. Under AU, the difference is given between the initial and final concentrations of uranium in solution. AU therefore represents the amount taken into the product phase. Evidently AU increases to a maximum just beyond the stage where the zeolites are fully decomposed. In both series, the value of AU levels off at a maximum value near 1200 ppm U and then shows an abrupt decrease corresponding to decomposition of the compreignacite-like phases and formation of X-ray-amorphous phases. X-rayamorphous material derived from the alumina and silica of the zeolites also must be present throughout these reactions and probably takes up some of the other cations in the two systems. After the dissolution of the crystalline phases there is still considerable removal of uranium from the solution by the amorphous product. Under the headings ANa and AK in Table 2 , the difference, expressed in ppm, between the Na § and K + ions supplied by the zeolites (respectively 218 ppm Na § and 231 ppm K + calculated from their chemical analyses, Table 1 ) and these ions found in solution after the reactions is given. ANa and AK therefore represent the amounts of these ions taken into the product phases after dissolution of the zeolites.
From the ratios AU/ANa and AU/AK (all quantities expressed in ppm), the ratios of ions removed from solution, U/Na and U/K, are obtained: U/Na = (AU/ ANa) • 0.0966 and U/K = (AU/AK) • 0.1639. When the crystalline products are first obtained without residual zeolite the ratios U/Na and U/K are close to 3.0 and correspond to the ratio in compreignacite, but changes occur in these ratios when higher uranium concentrations are used which are probably related to the presence of X-ray-amorphous materials. Direct chemical analyses of the products also were made, but their interpretation was similarly handicapped by the un- Table 3 . Unit-cell parameters of compreignacite (synthetic) and compreignacite-like products. known role of the X-ray-amorphous materials. In considering the ratios U/Na and U/K given in Table 2 , more importance must be given to the U/Na values than to the U/K values because the K-zeolite contained an appreciable proportion of Na ions.
Reactions of Ca-zeolite A with uranyl solutions
As indicated above, the product phase formed in these reactions was always accompanied by unreacted zeolite which rendered a detailed interpretation of XRD and chemical analyses of the product difficult or impossible. The stronger XRD reflections from the product phase, which may be labelled P(Ca) by analogy with P(Na) and P(K), indicate that it is similar to the natural mineral becquerelite, CaO. 6UO3" 1 IH20 (Protas, 1959; Christ and Clark, 1960) . Most of the reflections from becquerelite are weak with intensities ~<5 on a scale of 1-100. Consequently only the few stronger reflections can be seen in the presence of the many reflections from the Ca-zeolite A. However, the similarity of the few reflections which can be clearly recognized with those from becquerelite (see Table 4 ), and the similarity of the chemical composition of this mineral with that of compreignacite, together support the conclusion that P(Ca) is indeed similar to becquerelite. The product is described as being 'similar to' rather than 'identical with' becquerelite because the Na content of the Cazeolite A also probably enters into the product. Table  4 , which compares the data for the four strongest reflections with the data of Christ and Clark (1960) , shows that the spacings of P(Ca) are about 1% smaller than those of becquerelite; this result could be attributed to the precise chemical composition.
CONCLUSIONS
Synthetic Na-and K-zeolite A react chemically with uranyl acetate solutions with dissolution of the zeolites and formation of compreignacite-like phases. From XRD data, the axial ratio b/a is always near V~ corresponding to a quasihexagonal unit cell; for natural compreignacite and a synthesized wholly potassium product, the ratio b/a is slightly less than V~, in agreement with the data of Protas (1964) . For the corresponding sodium product, the b/a ratio is slightly greater than X/3. Synthetic Ca-zeolite A also reacts with uranyl acetate solutions, and a product is obtained giving XRD data similar to that of becquerelite. The precise nature of the chemical reactions will be investigated in a continuation of this study.
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